We have reported that dietary resistant starch (RS) reduces glucose-dependent insulinotropic polypeptide (GIP) mRNA levels along the jejunoileum in both normal and diabetic rats. In this study, we found that jejunal reduction of the GIP gene by feeding normal rats dietary RS was associated with decreases in histone H3 and H4 acetylation on the promoter/enhancer region of the gene.
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Key words: resistant starch; glucose-dependent insulinotropic polypeptide; histone acetylation; chromatin; small intestine Glucose-dependent insulinotropic polypeptide (GIP) is synthesized in and secreted from a kind of endocrine cells called K cells which are located at high density in the upper small intestine, such as duodenum and jejunum. [1] [2] [3] GIP is released into circulation mainly in response to ingestion of carbohydrates, 4) and the predominant action of GIP is to augment glucosestimulated insulin secretion from islet -cells. 5, 6) It has been found that GIP gene expression is up-regulated in the proximal small intestine of rats fed glucose solution. 7, 8) In addition, we have reported that GIP gene expression along the entire jejunum-ileum is reduced by feeding rats a diet containing resistant starch (RS), an autoclaved high amylose starch that is digested more slowly than -cornstarch in the small intestine. 9) These results suggest that available carbohydrate in the gut plays an important role in regulating GIP gene expression. Studies using transgenic mice and GIP-expressing mouse cell lines have reported that GIP gene expression is regulated by several transcription factors, such as GATA-4, 10, 11) ISLET-1, 10) pancreatic duodenal homeobox 1 (PDX-1) 12) and paired box gene 4/6 (PAX-4/6). 13) In addition, it has been suggested that histone modifications, called the histone code, have central roles in the regulation of transcription. Multiple lysine or arginine residues in the core histones, particularly H3 and H4, are subjected to post-translational modifications, including methylation and acetylation, and many of these modifications are associated with distinct transcription states. 14, 15) Many studies have demonstrated that hyperacetylation of histone H3 and H4 is not only associated with the euchromatin region on the genome, [15] [16] [17] but also is related to the induction of transcription through recruitment of the transcriptional complex on the target genes. 18) However, it remains unclear whether the change in the GIP gene expression by feeding rats a diet rich in RS is accompanied by histone acetylation or binding of nuclear transcriptional factors on the GIP gene. In this study, we examined whether reduction of GIP gene expression by feeding rats dietary RS is associated with histone H3 and H4 acetylation, and with GATA-4 binding on the GIP gene.
Seven-week-old male Wistar rats (Japan SLC, Shizuoka) were divided into two groups, control and RS, that received a diet containing 55% regular cornstarch (control diet) and a diet containing 55% RS (RS diet) respectively. Cornstarch and RS consist of [>99% carbohydrate (approximately 25% amylose), <0:5% protein, and 0% fat], and of [>99% carbohydrate (approximately 70% amylose), <0:5% protein, and 0% fat], respectively. RS was supplied as hi-maize (Hi-maize1043, Nippon NSC, Tokyo), which is made from natural high-amylose maize starch and contains more than 60% RS, as described previously. 19) The details of the diet compositions are shown in Table 1 . The animals received free access to the diets and water for 7 d. At day 7 after the feeding, the rats were killed by decapitation, and the entire small intestine was collected. The experimental procedures used in the present study conformed to the guidelines of the Animal Usage Committee of the University of Shizuoka. The jejunoileum obtained from the entire small intestine was divided into three segments of equal length. The proximal one-third of the jejunoileum was flushed twice with ice-cold 0.9% NaCl solution. One-cm segments (100 mg each) were excised from the middle region of the jejunal loop (this was regarded as the jejunum in the present study), and were immediately used for RNA extraction. The remaining part of the jejunal loop was used in chromatin immunoprecipitation (ChIP) assays. Total RNA was extracted by the acidified guanidine thiocyanate method, as described by Chomczynski and Sacchi. 20) Total RNA samples (2.5 mg) were converted into cDNA by reverse transcription using Super ScriptÔ III reverse transcriptase (Invitrogen, Tokyo) according to the manufacturer's instructions. To quantitatively estimate the mRNA levels of GIP, polymerase chain reaction (PCR) amplification was performed on a LightCycler480 instrument system (Roche, Tokyo). Real-time C. The reaction was terminated by the addition of glycine to a final concentration of 150 mM. After being washed in FACS solution (1 Â PBS (À), 2% bovine serum, 0.05% NaN 3 ), the samples were sonicated in SDS lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, pH 8.0, 1% SDS, and 0.5 mM PMSF) when the DNA size of samples was 200-500 bp. ChIP assays were performed using 2 mg each of specific antibodies, anti-acetyl-histone H3 (Millipore, Tokyo), anti-acetyl-histone H4 (Millipore), anti-GATA-4 (Santa Cruz Biotechnology, CA) or a control rabbit IgG, as previously described. RS group, 14:0 AE 0:6 g/d), and mucosal weight of proximal one-third of the jejunoileum (control group, 0:54 AE 0:03 g; RS group, 0:60 AE 0:03 g), which was regarded as the jejunum in this study, did not differ between the two groups, although the mucosal weight of the distal one-third of the jejunoileum (control group, 0:25 AE 0:01 g; RS group, 0:41 AE 0:01 g, p < 0:01), which was regarded as the ileum in this study, was higher in the rats fed the RS diet than in those fed the control diet. GIP mRNA level was 41% lower in the rats fed the RS diet than in those fed the control diet (Fig. 1 , p < 0:01). The result in this study was consistent with our previous study. 9) Many studies have found that acethylation of histone H3 and H4 as well as the binding of transcriptional factors on the genes is important in regulating transcriptional activation. [15] [16] [17] Furthermore, we have reported that feeding mice a high-carbohydrate diet enhances histone H3 and H4 acetylation on the sucrase-isomaltase (SI) and sodium glucose cotransporter 1 (SGLT1) genes as well as their gene expressions in the jejunum. 22, 23) In addition, it has been reported that a high glucose condition in the culture medium induces histone H3 and H4 acetylation on the insulin gene in isolated rat islets 24) and on the tumor necrosis factor-(TNF-) and cyclooxygenase-2 (COX-2) genes in human monocytes. 25) It is most likely that carbohydrates induce histone acetylation on the carbohydrate-responsive genes, and reduction of GIP gene expression by dietary RS may be associated with decreases in histone acetylation triggered by a decrease in the amount of exposed glucose in the K-cells of the jejunum. Indeed, we found in this study that ChIP signals for acetylated histone H3 and H4 on the regions of the promoter/enhancer (À2;000 bp, À1;000 bp and À500 bp) of the GIP gene were lower or tended to be lower in the RS group than in the control group. Significant differences in the ChIP signals for both histone H3 and H4 acetylation between the two groups were observed at À2;000 bp (p < 0:05) (Fig. 2B and C) . Meanwhile, ChIP signals for acetylated histone H3 and H4 on the upstream region far from the promoter/enhancer region (À5;000 bp), which is not closely related to transcription, were not different between the two groups, indicating that the reduction of histone acetylation is specific on the promoter/ enhancer region, and it is not that the reduction in the histone acetylation on the promoter/enhancer region is caused by a reduction in the amount of DNA precipitation associated with decrease in K-cell numbers.
As for the association between GIP and transcriptional factors, Jepeal et al. has found by electrophoretic mobility shift assay, which is a method of analyzing binding between DNA and transcription factors in vitro, that the GATA-4 protein in the nuclear extract of a neuroendocrine mouse cell line, STC-1, binds to the promoter region close to the transcription start site. 10) In addition, four consensus sequences of the binding motif for the GATA transcriptional factor family are located on the promoter/enhancer region from À2;000 bp to þ0 bp of the GIP gene, and these elements may be involved in transcriptional regulation of the GIP gene, since these sequences have been shown to possess strong enhancer activities by reporter assay, which is a method for analyzing promoter/enhancer activities in cultured cells. 10) We found in this study that ChIP signals for GATA-4 on regions of promoter/enhancer (À5;000, À2;000, À1;000 and À500 bp) and transcription start site (þ0 bp) were notably (>4-fold) higher than those of IgG (p < 0:01) (Fig. 2D) . This is the first report by in vivo ChIP assay, which is a method to analyze DNA-protein bindings at specific regions of the gemone, showing that the GATA-4 binds to the regions of promoter/enhancer and transcription start site of the rat jejunal GIP gene. The ChIP signals for the GATA-4 binding were not significantly different between the two groups (p ¼ 0:1611) (Fig. 2D) . Based on the results for the histone acetylation, the reduction of GIP gene expression by dietary RS is concerned with histone acetylation, but less with one of the nuclear transcriptional factors GATA-4 binding, on GIP gene, although it is necessary to investigate whether bindings of other transcriptional factors such as ISLET-1, PDX-1 and PAX-4/6 on GIP gene are altered by dietary carbohydrates.
Physiological relevance of reducing GIP mRNA and histone acetylation by feeding rats an RS diet remains unknown. It has been reported that an increase in glucose inflow to the proximal small intestine increases GIP mRNA and protein levels in the tissue and GIP protein levels in the blood, to reduce postprandial hyperglycemia caused by glucose inflow to the proximal small intestine. 7) Considering that RS is more slowly digested than -constarch in the small intestine, the reduction of GIP mRNA and histone acetylation on the gene by feeding rats the RS diet may be caused by decreasing the necessity of the jejunal GIP gene induction accompanied with postprandial hyperglycemia through glucose inflow to the jejunum.
Although it is unknown how decreased histone acetylation on the GIP gene reduces the mRNA level, many studies indicate that histones are acetylated by histone acetyltransferases (HATs), such as p300, CREB binding protein (CBP), p300/CBP-associated factor (PCAF) and general control of amino-acid synthesis (GCN5), 26) and that histone acetylation induces the bindings of the bromodomain proteins, which bind acetylated histones, and the transcriptional machinery, on the target genes. [27] [28] [29] [30] Our previous study indicates that CBP/p300 recruitment on the cellular retinolbinding protein, type II (CRBPII) gene is accompanied by induction of CRBPII gene expression and acetylation of histone H3 and H4 on the gene. 31) Thus the bindings of the HATs, bromodomain proteins, and transcriptional machinery on GIP gene may be reduced by dietary RS. Further studies are needed to determine whether the bindings of bromodomain proteins and transcriptional machinery on the GIP promoter/enhancer regions, particularly, around À2;000 bp, are altered by dietary carbohydrates.
Excessive GIP release by overeating or speed-eating of carbohydrates induces greater insulin secretion and could lead to the onset or progression of life-style related diseases such as diabetes and obesity. Indeed, some studies have found that circulating GIP levels were higher in obese and diabetic subjects than in healthy subjects. [32] [33] [34] [35] In addition, we have reported that feeding type-2 diabetic Goto-Kakizaki rats a diet containing RS leads not only to alleviation of the disease, but also to reduction of GIP mRNA level in the small intestine. 9) Thus, reduction of GIP levels by delaying the digestion/ absorption of carbohydrates by intake of RS may be important for preventing/improving such diseases.
In conclusion, we found that replacement of dietary carbohydrate with a starch rich in RS leads to reduction of GIP gene expression and histone H3 and H4 acetylation on the GIP gene.
